Objective: As associations between endogenous sex hormones and the vasculature are not well characterized, the objective was to examine the cross-sectional associations of menopausal status and endogenous sex hormones with vascular characteristics.
T he development of cardiovascular disease (CVD) in women compared with men is delayed by approximately 10 years, and cardiovascular disease risk increases among women after menopause. 1 Declining endogenous estrogen levels have been assumed to be responsible for this observation. 2 However, clinical trials have demonstrated an increased long-term risk of CVD events among postmenopausal women treated with estrogen therapy rather than the expected protective effect. 3, 4 It has been suggested that these unexpected results of exogenous hormone therapy in postmenopausal women may be due to the relatively older age of women enrolled in hormone therapy clinical trials who may already have a significant atherosclerotic burden; the Btiming hypothesis^suggests that hormone therapy administered to younger menopausal women with a lesser atherosclerotic burden may be beneficial to the cardiovascular system. 5, 6 Age-stratified analyses of the Women`s Health Initiative (WHI) data suggest a cardioprotective effect of hormone therapy among younger women, and recent data from the WHI coronary-artery calcium ancillary study found a lower coronary calcium burden among women randomized to hormone therapy who were between 50 and 59 years of age. 7, 8 Studies of endogenous hormones and either clinical CVD or subclinical atherosclerosis among women are rare. 9/12 Given that estrogen and androgens are known to have numerous molecular and cellular actions that affect all components of the vessel wall, 13, 14 examination of the relationships between endogenous sex hormones and vascular characteristics may inform our understanding of the risks associated with the menopausal transition. Therefore, the primary purpose of the current study was to evaluate the effect of endogenous sex hormones with common carotid intima-media thickness (IMT) and adventitial diameters in a population of women at different stages of the menopausal transition, reporting no use of hormone therapy. Understanding associations with endogenous hormones may provide insight not only into the increase in CVD among women after menopause, but also into the unexpected risks found to be associated with exogenous hormones among postmenopausal women.
METHODS

Study participants
The current study included participants from an ancillary study to the Study of Women`s Health Across the Nation (SWAN). SWAN is a multicenter, multiethnic longitudinal study designed to characterize the biological and psychosocial changes that occur during the menopausal transition in a community-based sample. Details of the study design and recruitment have been previously published. 15 Briefly, SWAN is being conducted at seven sites: Boston; Chicago; the Detroit area; Los Angeles; Newark, NJ; Pittsburgh, PA; and Oakland, CA. A total of 3,302 women aged 42 to 52 years were enrolled from 1996 to 1997.
The ancillary project is a study of the natural history of subclinical atherosclerosis during the menopausal transition and involves only the University of Pittsburgh and Chicago sites. The ancillary study began approximately 4 years into SWAN. Thus, all participants were between 45 and 58 years of age at the ancillary study visit. To be eligible, participants could not have evidence of clinical atherosclerosis (myocardial infarction, angina, intermittent claudication, cerebral ischemia, or revascularization). A total of 608 women (382 white, 226 African American) were enrolled in the ancillary study.
This study was approved by the institutional review boards of the participating institutions, and all women signed informed consent before participation.
Ultrasound measures
Ultrasound measures were assessed at the time of the ancillary study visit. Common carotid artery (CCA) IMT was assessed by duplex scanning using a Toshiba SSA-270A scanner. Images were taken from the near and far walls of the distal common carotid artery, 1 cm proximal to the carotid bulb, and the lumen-intima interface and the media-adventitia interface were electronically traced across a 1-cm segment. CCA adventitial diameters were measured directly as the distance from the adventitial-medial interface on the near wall to the medial-adventitial interface on the far wall at enddiastole. Replicate readings were performed on 20 scans from these women to evaluate reproducibility of the measures. The intraclass correlation was 0.98 for IMT and 0.99 for adventitial diameter.
Definitions of menopausal status and hormone therapy use
Menopausal status was based on menstrual bleeding patterns in the previous 12 months and was categorized as (1) premenopausal = menstrual period in the past 3 months with no change in regularity in the past 12 months; (2) early perimenopausal = menstrual period in the past 3 months with some change in regularity over the previous 12 months; (3) late perimenopausal = no menstrual period within the past 3 months, but some menstrual bleeding within the past 12 months; (4) postmenopausal = no menstrual period within the past 12 months. To maintain sufficient numbers of women in each category, menopausal status was collapsed for statistical analyses as premenopausal/early perimenopausal (Pre/Early Peri), late perimenopausal (Late Peri), and postmenopausal (Post). Hormone therapy use was ascertained by self-reported use of birth control pills, estrogen pills, estrogen injection or patch, combination estrogen/progestin, or progestin pills in the previous year. Women reporting hormone therapy use in the 12 months preceding their ancillary study visit were excluded from the current analyses.
Blood assays
A fasting blood draw was targeted to the early follicular phase of the menstrual cycle (d 2-5). All samples were maintained at 4-C until separated and then were frozen at j80-C and shipped on dry ice to a central laboratory. Hormone assays were conducted at the University of Michigan SWAN Endocrine Laboratory using the ACS-180 automated analyzer (Bayer Diagnostics Corp., Norwood, MA) on blood samples drawn concurrently with ultrasound measurements, as previously described. 16 The free androgen index was used to estimate the amount of testosterone unbound by sex hormonebinding globulin (SHBG) and thus immediately biologically active. FAI was calculated as 100*T/(28.84*SHBG). This results in the amount of free testosterone in nmol/L. Cycle day of blood draw was recorded for menstruating women as within days 2 to 5 or outside of days 2 to 5. For nonmenstruating women, cycle day of blood draw was coded as outside of days 2 to 5. Results were similar when nonmenstruating women were coded as their own cycle day category. Standard cardiovascular risk factors were assayed at the Medical Research Laboratories (Lexington, KY), which is certified by the National Heart Lung and Blood Institute, Centers for Disease Control and Prevention Part III program, as previously described. 16 Low-density lipoprotein (LDL) was calculated using the Friedewald equation, 17 excluding women with values of triglycerides greater than 400 mg/dL. The homeostasis model assessment (HOMA) insulin resistance index was calculated from fasting insulin and glucose as (fasting insulin Â fasting glucose)/22.5. 18
Physical measures
Blood pressure was measured in the right arm with the participant seated after at least 5 minutes of rest. Two sequential blood pressure values were completed and averaged. Height and weight were measured without shoes with participants wearing light clothing. Portable scales were calibrated weekly, and stationary clinic devices were calibrated monthly. Body mass index was calculated as weight in kilograms divided by height in square meters. Waist circumference was measured with the respondent in nonrestrictive undergarments, at the level of the natural waist, defined as the narrowest part of the torso as seen from the anterior aspect. For cases in which a waist narrowing was difficult to identify, the measure was taken at the smallest horizontal circumference in the area between the ribs and the iliac crest.
Statistical methods
Of the 608 women enrolled in the ancillary study, 52 had unusable IMT or diameter values, 13 were excluded for having had a hysterectomy between the time of SWAN enrollment and their ancillary study visit, and 57 were excluded for reporting hormone therapy use in the 12 months preceding their ancillary study visit. Additionally, three had incomplete menopausal status data, leaving data from 483 women for menopausal status analyses, and 32 women had missing hormone values, leaving data from 451 women for endogenous hormone analyses. Women included in these analyses were more likely to be African American (39.3% vs 28.8%), were slightly younger (50.0 vs 51.2 years; P G 0.001), and had higher diastolic blood pressure values (76.2 vs 74.2 mm Hg; P = 0.041) and lower total cholesterol values (199.8 vs 207.7 mg/dL; P = 0.037) compared with women not included in these analyses (excluded or with missing data).
Adventitial diameter values were normally distributed, whereas CCA IMT values were slightly skewed. All hormone variables were highly skewed and were log-transformed for analyses. Characteristics of the study population were calculated by menopausal status and compared using W 2 for categorical variables and analysis of variance for continuous, normally distributed characteristics. The Wilcoxon rank sum test was used for continuous characteristics that were not normally distributed. Relationships between cardiovascular risk factors and CCA adventitial diameter and IMT were examined via Spearman correlation coefficients to accommodate the non-normal CCA IMT distribution. Linear regression analyses were performed to examine relationships between menopausal status and endogenous sex hormones with CCA adventitial diameters and IMT, after initial adjust-ment for age and after further adjustment for race/ethnicity, study site, education, current smoking, systolic blood pressure, height, body mass index, high-density lipoprotein cholesterol, LDL cholesterol, log triglycerides, log glucose, and log HOMA insulin resistance index. Hormone analyses were also adjusted for cycle day of blood draw. The covariates adjusted for in multivariable regression modeling were included based on those with significant P values from either Table 1 or Table 2 (associations with either menopause status or adventitial diameter or IMT). For scenarios in which collinearity was identified as an issue via examination of variance inflation factors, such as the inclusion of both systolic and diastolic blood pressures, the variable with the strongest association with diameter or IMT measurements was chosen. Regression model fit was assessed by normality of model residuals. Endogenous sex hormones were converted to units of SD for linear regression analyses by taking each woman`s log hormone value, subtracting the sample mean log hormone value, and dividing by the sample SD of the log hormone. To determine whether menopausal status or hormone results differed between African Americans and whites, multiplicative status-by-race/ethnicity or hormoneby-race/ethnicity interaction terms were tested using general linear regression modeling, after adjustment for confounders. As results were similar whether log-transformed CCA IMT values were used or not, results are given using raw CCA IMT values for ease of presentation. Least square mean CCA diameter and IMT values were estimated by quintile of estradiol after multivariate adjustment using general linear modeling. Statistical significance was considered at P G 0.05.
RESULTS
A total of 297 (61.5%) women were classified as premenopausal or early perimenopausal, 58 (12.0%) as late perimenopausal, and 128 (26.5%) as postmenopausal. CVD risk factors differed between women at earlier versus later stages of the menopausal transition ( Table 1 ). The menopause transition was associated with older age and higher systolic blood pressure, total cholesterol, LDL, high-density lipoprotein, triglyceride, glucose, insulin, HOMA insulin resistance, follicle-stimulating hormone, and free androgen index levels, and lower estradiol levels. Diastolic blood pressure, testosterone, CCA adventitial diameter, and CCA IMT levels were higher among late perimenopausal women and seemed to remain at approximately the same level among postmenopausal women.
With the exception of cholesterol levels, higher levels of traditional cardiovascular risk factors were associated with significantly larger CCA adventitial diameters and greater IMT ( Table 2) .
Late perimenopause and postmenopause were associated with significantly larger adventitial diameter values after adjustment for age (Table 3 ). Further multivariable adjustment attenuated the association with postmenopause but did not alter the association with late perimenopause. After multivariable adjustment, late perimenopause versus pre-/ early perimenopause was associated with a 0.29-mm larger CCA adventitial diameter. CCA IMT did not differ among menopausal status groups after age adjustment. There were no significant interactions with race/ethnicity.
Lower estradiol was associated with significantly larger adventitial diameters, and this persisted after adjustment for age, cycle day of blood draw, and other CVD risk factors (Table 4 ). Higher SHBG levels were also associated with smaller adventitial diameter and with smaller IMT. However, adjustment for CVD risk factors attenuated these associations. This attenuation was primarily due to adjustment for body mass index in the case of CCA adventitial diameter, and systolic blood pressure in the case of CCA IMT. No other hormones showed significant associations with either arterial diameter or IMT. There were no significant interactions between any endogenous hormone and race/ethnicity. Figure 1 presents the mean CCA adventitial diameter and IMT values by quintiles of estradiol, from a model with multivariate adjustments. A threshold effect seems to emerge for estradiol with CCA adventitial diameters, whereby the association between estradiol and CCA adventitial diameter levels off at hypoglycemic agents, all the above analyses were repeated, adjusting for the use of these medications as well as excluding women on these medications (n = 71), and results were similar (data not shown).
DISCUSSION
These data demonstrate that lower estradiol levels accompanying ovarian aging are associated with larger arterial diameters among menopausal women and highlight the late perimenopause, specifically, as a critical time period for these vascular effects.
Larger carotid artery diameters at end diastole are correlated with adverse cardiovascular risk factor levels, as shown in the Atherosclerosis Risk in Communities Study population and others, 19/21 and are also associated with an increased risk of coronary heart disease. In the Rotterdam study, each SD higher baseline lumen diameter was associated with a 10% increase in risk of incident myocardial infarction. 22 A dilated artery has less ability to enlarge further in response to a stimulus, which may make the artery more vulnerable to damage by heightened risk factor levels. In the current study, late perimenopause was identified as the most relevant window for diameter enlargement, coinciding with larger increases in blood pressure and lipids over the transition from pre-/early perimenopause to late perimenopause.
Whether such associations result from functional or structural changes is, as yet, unknown. Given the relatively short time course of the menopausal transition over which these effects are implied to occur, acute functional mechanisms related to vascular tone may be most likely. The vascular effects of estrogen administration on both coronary and brachial endothelial function occur within 15 minutes of estradiol infusion. 23 Estrogen has been shown to enhance activation of nitric oxide 24 and to decrease endothelin levels. 25 Additionally, estrogen may affect both vasodilation and vasoconstriction by increasing adrenergic activity. 26, 27 The diameter enlargement observed in the current study may also signal a compensatory response to alterations in sheer stress levels resulting from adverse stimuli such as increased blood pressure or enhanced wall thickening. 28, 29 CCA adventitial diameters were significantly larger among late perimenopausal and postmenopausal women and with lower estradiol levels, whereas CCA IMT values showed no association with menopause status or sex hormones after adjustment for chronological age. This pattern is consistent with the early compensatory process, where changes in IMT may be masked by dilation; associations may be absent with CCA IMT because it is maintained at a constant level via dilation of the arteries. The SWAN study has just finished collecting prospective diameter and IMT change data, which can be used to verify whether compensatory dilation is occurring in these menopausal women.
Although less likely, structural changes may also underlie the current results. Larger vessel diameters may be a secondary result of changes in the connective tissue content of the vessel wall. The connective tissue content of the body, including the cardiovascular system, has been shown to decrease with menopause and increase with hormone therapy use. 13 Lower estrogen levels may also result in an enhanced inflammatory response, which could elicit structural alterations to the vasculature. 30 Existing literature concerning the relationships between androgens and the vasculature among women presents conflicting results. A case-control study among postmenopausal women in the Atherosclerosis Risk in Communities study found that women in the highest quartile of testosterone had the lowest odds of having subclinical atherosclerosis. 11 A cross-sectional study of postmenopausal women found similar results, although it did not make multivariable adjustments. 12 However, prospective data from the Rancho Bernardo study detected no association between androgens and incident cardiovascular disease among postmenopausal women. 9 Our data are in agreement with Rancho Bernardo, finding no association between either testosterone or the free androgen index and arterial diameter or IMT.
This study identified late perimenopause, specifically, as a critical time period for larger arterial diameters. We have previously shown that a dietary and exercise intervention slowed the progression of subclinical atherosclerosis only among women who had reached perimenopause or postmenopause and did not affect progression among premenopausal women. 31 Future research is needed to confirm these findings. However, should the perimenopause continue to be identified as the point at which the most dramatic vascular changes occur, this would have great relevance to the targeting of risk reduction strategies among women.
The results of this study need to be viewed within the context of its limitations. This study did not measure free estrogen and androgen values directly. Direct measurement would likely have strengthened the results demonstrated here. Additionally, the cross-sectional nature of this study precludes inferences about causality between endogenous sex hormones and vascular characteristics. The hypotheses generated from the current study need to be tested with longitudinal data among menopausal women, such as those that will soon be available from the 2-year follow-up scans of the SWAN atherosclerosis ancillary study.
This study had several strengths. Blood draws were standardized to cycle day for women who were menstruating. Although the days chosen (d 2-5 of menses) may not have been optimal for all hormones evaluated, standardization by cycle day likely enabled much clearer interpretations of hormone results than in previous studies in which blood draws were typically not timed to day of cycle. Additionally, to our knowledge, these are the first data to assess the relationships between menopausal status and endogenous sex hormones in a population including perimenopausal women. Finally, these data are among the first to include a large percentage of African American women, enabling us to assess the consistency of associations across race/ethnicity.
CONCLUSIONS
The negative effects of declining endogenous estrogens on arterial diameters seen in the current study, when viewed in light of the recent null or harmful results of the WHI and the Heart and Estrogen/Progestin Replacement Study concerning exogenous estrogen administration, underscore the complexities of the effects of hormone levels on the cardiovascular system. It has been suggested that the unexpected results of the WHI and Heart and Estrogen/Progestin Replacement Study may have been due, in part, to the older age of the study participants and the relatively large number of years since the final menstrual period, hypothesizing that the effects of exogenous estrogen therapy on the vasculature may be beneficial if initiated early in the menopausal transition. 5 Two recent WHI publications support this hypothesis. First, reanalyses of the WHI data found no increased CVD risk among younger women or women who initiated hormone therapy closer to their final menstrual period, and although not significant, suggested the possibility of a cardioprotective effect of HT among these women. 7 Second, data from the WHI coronary-artery calcification ancillary study showed that, among women aged 50 to 59 years at the time of hormone therapy initiation in the WHI, hormone therapy was associated with a 22% lower odds of the presence of coronary-artery calcification. 8 Data from the current study show that the menopausal transition and loss of endogenous estrogen in perimenopausal women is associated with diameter enlargement and, although speculative, suggest that estrogen administration in perimenopausal women may help to retain vessel health. Given the effects of the menopausal transition on CVD risk, this hypothesis warrants further examination. Additional research is needed on whether these effects are structural or functional, whether they are acute or permanent, and whether they alter the effects of exogenous hormones.
